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BACKGROUND OF THE INVENTION 

[001] The present invention relates generally to positioning devices. More 
particularly, the present invention relates to a positioning device for controlling the 
position of a wafer table and an exposure apparatus, including the positioning device, 
for manufacturing semiconductor wafers. 

[002] In an exposure apparatus, a wafer table holds a semiconductor wafer to 
be exposed. To compensate for the variations in the dimensions of the wafer (e.g., 
wafer thickness), the exposure apparatus controls and adjusts the position of the wafer 
table before the wafer is exposed. Conventionally, piezoelectric actuators are used to 
control the position of the wafer table. 

[003] A piezoelectric actuator, however, typically has a limited stroke. One 
way to solve this problem is to use a cantilever type mechanism in conjunction with a 
piezoelectric actuator. Thus, for a piezoelectric actuator of a given length, a cantilever 
type mechanism amplifies the stroke provided by the piezoelectric actuator. 

[004] A cantilever type mechanism, however, amplifies the stroke of a 
piezoelectric actuator at the expense of decreased stiffness. Thus, a cantilever type 
mechanism used in conjunction with a piezoelectric actuator responds slower to a given 
servo bandwidth than a piezoelectric actuator alone. Thus, as the stiffness decreases, 
more time is needed to control the position of a wafer table. This increase in time 
needed to control the position of a wafer table may lead to a decrease in the production 
rate of wafers. 

[005] In light of the foregoing, there is a need for a structure that amplifies the 
stroke of a piezoelectric actuator without unduly deceasing its stiffness. 
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SUMMARY OF THE INVENTION 

[006] The advantages and purposes of the invention will be set forth in part in 
the description which follows, and in part will be obvious from the description, or may be 
learned by practice of the invention. The advantages and purposes of the invention will 
be realized and attained by the elements and combinations particularly pointed out in 
the appended claims. 

[007] To attain the advantages and in accordance with the purposes of the 
invention, as embodied and broadly described herein, the invention is directed to an 
exposure apparatus for exposing a pattern onto a semiconductor wafer. The exposure 
apparatus comprises an illumination system, a lens assembly, and a positioning device. 
The illumination system has an illumination source emitting a beam and an illumination 
optical assembly guiding the beam onto the pattern. The lens assembly projects the 
beam passed through the pattern onto the wafer held by a wafer table. The positioning 
device comprises a housing, a piezoelectric actuator, and a structure for moving the 
wafer table in a second direction. The piezoelectric actuator has a first and second end. 
The first end is fixedly mounted to the housing and the second end is movable in a first 
direction in response to a change in voltage applied to the piezoelectric actuator. The 
structure comprises a first joint, a second joint, a diagonal member, and a flexure. The 
first joint is movable in the first direction in response to the second end of the 
piezoelectric actuator moving in the first direction. The second joint is movable in the 
second direction to move the table in the second direction. The diagonal member is 
connected to the first and second joints at an angle with respect to the first direction. 
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The flexure connects the diagonal member to the first joint and is bendable in response 
to the first joint moving in the first direction to change the angle with respect to the first 
direction and thereby move the second joint in the second direction. 

[008] In another aspect, the present invention concerns a device for 
positioning a wafer table. The device comprises a housing, a piezoelectric actuator, 
and a structure for moving the wafer table in a second direction. The piezoelectric 
actuator has a first and second end. The first end is fixedly mounted to the housing and 
the second end is movable in a first direction in response to a change in voltage applied 
to the piezoelectric actuator. The structure comprises a first joint, a second joint, a 
diagonal member, and a flexure. The first joint is movable in the first direction in 
response to the second end of the piezoelectric actuator moving in the first direction. 
The second joint is movable in the second direction to move the wafer table in the 
second direction. The diagonal member is connected to the first and second joints at an 
angle with respect to the first direction. The flexure connects the diagonal member to 
the first joint and is bendable in response to the first joint moving in the first direction to 
change the angle with respect to the first direction and thereby move the second joint in 
the second direction. 

[009] A still further aspect of the present invention is a structure for moving a 
wafer table comprising a first joint, a second joint, a diagonal member, and a flexure. 
The first joint is movable in a first direction. The second joint is movable in a second 
direction to move the wafer table in the second direction. The diagonal member is 
i:, n ni;c; ^^ connected to the first and second joints at an angle with respect to the first direction. 
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to the first joint moving in the first direction to change the angle with respect to the first 
direction and thereby move the second joint in the second direction. 

[010] It is to be understood that both the foregoing general description and the 
following detailed description are exemplary and explanatory only and are not restrictive 
of the invention, as claimed. 

[011] Additional advantages will be set forth in the description which follows, 
and in part will be understood from the description, or may be learned by practice of the 
invention. The objects and advantages may be obtained by means of the combinations 
set forth in the attached claims. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[012] The accompanying drawings are included to provide a further 
understanding of the invention and are incorporated in and constitute a part of this 
specification. The drawings illustrate embodiments of the invention and, together with 
the description, serve to explain the principles of the invention. In the drawings, 

[013] Fig. 1 is an elevation view of an exposure apparatus having the features 
of the present invention; 

[014] Fig. 2 is an exploded perspective view of a wafer stage and a wafer table 
shown in Fig. 1 in more detail; 

[015] Fig. 3 is an exploded perspective view of a positioning device shown in 
Fig. 2 illustrating a force flexure and a piezoelectric actuator; 
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[017] Fig. 5 is a schematic diagram illustrating the movements of a first and 
second joint in response to an expanding piezoelectric actuator. Fig. 5 shows only 
those movements resulting from an increase in the angle a between first diagonal 
members and +x direction; 

[018] Fig. 6 is a schematic diagram illustrating the movements of a first and 
second joint in response to a contracting piezoelectric actuator. Fig. 6 shows only those 
movements resulting from a decrease in the angle a between first diagonal members 
and +x direction; 

[019] Fig. 7 is a schematic diagram illustrating the movements of a first joint in 
response to an expanding piezoelectric actuator. Fig. 7 shows only those movements 
resulting from an increase in the angle (3 between second diagonal members and +x 
direction; 

[020] Fig. 8 is a schematic diagram illustrating the movements of a first joint in 
response to a contracting piezoelectric actuator. Fig. 8 shows only those movements 
resulting from a decrease in the angle |3 between second diagonal members and +x 
direction; 

[021] Fig. 9 is a schematic diagram illustrating the movements of a first and 
second joint in response to an expanding piezoelectric actuator. Fig. 9 combines Figs. 
5 and 7 and shows the overall movements of the first and second joints resulting from 
increases in the angles a and p; 
aw OFFICEC [022] Fig. 10 is a schematic diagram illustrating the movements of a first and 

second joint in response to a contracting piezoelectric actuator. Fig. 10 combines Figs. 
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6 and 8 and shows the overall movements of the first and second joints resulting from 
decreases in the angles a and P; 

[023] Fig. 1 1 is a schematic diagram illustrating the movement of an axial 
member and the bending of a fifth and six flexure in response to an expanding 
piezoelectric actuator; 

[024] Fig. 12 is a schematic diagram illustrating the movement of an axial 
member and the bending of a fifth and six flexure in response to a contracting 
piezoelectric actuator; 

[025] Fig. 13 is an exploded perspective view of an alternative embodiment of 
the positioning device shown in Fig. 3; 

[026] Fig. 14 is a perspective view of an alternative embodiment of the force 
flexure shown in Fig. 4; 

[027] Fig. 15 is a perspective view of the positioning device shown in Fig. 3 in 
its assembled condition; 

[028] Fig. 16 is an exploded perspective view of three positioning device and 
their common housing shown in Fig. 2; 

[029] Fig. 1 7 is a perspective view of three positioning device and their 
common housing shown in Fig. 2 viewed from another side; 

[030] Fig. 18 is a flow chart outlining a process for manufacturing a 
semiconductor device consistent with the principles of the present invention; and 

[031] Fig. 19 is a flow chart outlining the process of Fig. 18 in more detail. 
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DETAILED DESCRIPTION 

[032] Reference will now be made in detail to the presently preferred 
embodiment of the present invention, examples of which are illustrated in the 
accompanying drawings. Wherever possible, the same reference numbers will be used 
throughout the drawings to refer to the same or like parts. 

[033] For the purpose of the following description, unless stated otherwise, the 
coordinate system illustrated in each figure is arbitrary and applies in that figure only. 
Also, unless stated otherwise, a direction refers to either a positive or negative vector of 
that direction. For example, unless specifically stated as +x direction or -x direction, x 
direction refers to either +x or -x direction. Also, tdirection refers to either a positive or 
negative vector of that direction. For example, ±x refers to either +x or -x direction. 
Moreover, unless stated otherwise, a rotation around an axis refers to either a clockwise 
or counterclockwise rotation around the axis. For example, a rotation around an x-axis 
refers to either a clockwise or counterclockwise rotation around the x-axis. 

[034] In accordance with the invention, an exposure apparatus is provided for 
exposing a pattern onto a semiconductor wafer. The exposure apparatus comprises an 
illumination system and a lens assembly. The illumination system has an illumination 
source emitting a beam and an illumination optical assembly guiding the beam onto the 
pattern. The lens assembly projects the beam passed through the pattern onto the 
wafer held by a wafer table. 

[035] In the embodiment shown in Fig. 1 , an exposure apparatus for 
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stage 24, a lens assembly 26, and a wafer stage 28. Illumination system 22 includes an 
illumination source 30 emitting a beam and an illumination optical assembly 32 guiding 
the beam onto a reticle 34 containing a pattern of an integrated circuit to be transferred 
to a wafer 38. Lens assembly 26 projects the beam passed through reticle 34 onto 
wafer 38. Exposure apparatus 20 is designed to be mounted to a base 21 , i.e., a floor 
or the ground or some other supporting structure. 

[036] Exposure apparatus 20 further includes a wafer table 40 and a reticle 
table 36 respectively holding wafer 38 and reticle 34. Wafer stage 28 supports and 
positions wafer table 40 with respect to lens assembly 26. Similarly, reticle stage 24 
supports and positions reticle table 34 with respect to lens assembly 26. Although Fig. 
1 shows reticle table 36, reticle 34 may be directly supported on reticle stage 24 without 
reticle table 36. In the embodiment illustrated in Fig. 1 , a plurality of motors 42 move 
and position reticle stage 24 and wafer stage 28. Depending on the design, exposure 
apparatus 20 may also include additional servo drive units, linear motors, and planar 
motors to move reticle stage 24 and wafer stage 28. 

[037] An apparatus frame 25 is a rigid structure that supports the components 
of exposure apparatus 20, including reticle stage 24, wafer stage 28, lens assembly 26, 
and illumination system 22, above base 21 . The design of apparatus frame 25 may 
vary to suit the design requirements for the rest of exposure apparatus 20. 
Alternatively, for example, separate, individual structures (not shown) can be used to 
support reticle stage 24, wafer stage 28, lens assembly 26, and illumination system 22 
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[038] In accordance with the invention, the exposure apparatus further 
includes a positioning device. The positioning device comprises a housing, a 
piezoelectric actuator, and a structure for moving the wafer table in a second direction. 
The piezoelectric actuator has a first and second end. The first end is fixedly mounted 
to the housing and the second end is movable in a first direction in response to a 
change in voltage applied to the piezoelectric actuator. 

[039] In the embodiment shown in Fig. 2, exposure apparatus 20 includes one 
of more positioning devices 50 for controlling the position of wafer table 40. One of 
more positioning devices 50 are mounted to wafer stage 28 as shown in Fig. 2. 
Preferably, exposure apparatus 20 includes four positioning devices 52, 53, 55, and 59 
to control the position of wafer table 40 in four degrees of freedom. As will be explained 
in greater detail below, in the coordinate system shown in Fig. 2, four positioning 
devices 52, 53, 55, and 59 cooperate to control the position of water table 40 in z 
direction as well as its rotation around x, y, and z axes. In addition, wafer table 40 is 
connected to first 52, second 53, and third 55 positioning devices so that motors 42 
(Fig. 1 ), moving wafer stage 28 in x and y directions, controls the position of wafer table 
40 in x and y directions. Accordingly, four positioning devices 52, 53, 55, and 59, in 
conjunction with wafer stage 28, control the position of wafer table 40 in six degrees of 
freedom. 

[040] Fig. 3 is an exploded view of first positioning device 52 shown in Fig. 2. 
First positioning device 52 includes a housing 54, a piezoelectric actuator 56, and a 
force flexure 58. Piezoelectric actuator 56 has a first end 60 and a second end 62. 
First end 60 of piezoelectric actuator 56 is mounted to a mounting block 64, which is in 
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turn fixedly mounted to housing 54. Thus, when piezoelectric actuator 56 expands or 
contracts in response to a change in voltage applied thereto, first end 60 remains 
stationary while second end 62 of piezoelectric actuator 56 moves in x direction (±x 
direction depending on whether piezoelectric actuator 56 expands or contracts). This 
movement in x direction is transmitted to force flexure 58. Force flexure 58 then 
converts the movement in x direction to a corresponding movement in y direction (±y 
direction depending on whether piezoelectric actuator 56 expands or contracts). 
Preferably, a strain gauge 57 applied to a surface of piezoelectric actuator 56 monitors 
the amount of expansion and contraction of piezoelectric actuator 56. 

[041] In accordance with the present invention, the structure for moving the 
wafer table in the second direction comprises a first joint, a second joint, a diagonal 
member, and a flexure. The first joint is movable in the first direction in response to the 
second end of the piezoelectric actuator moving in the first direction. The second joint 
is movable in the second direction to move the table in the second direction. The 
diagonal member is connected to the first and second joints at an angle with respect to 
the first direction. The flexure connects the diagonal member to the first joint and is 
bendable in response to the first joint moving in the first direction to change the angle 
with respect to the first direction and thereby move the second joint in the second 
direction. 

[042] In the embodiment illustrated in Figs. 3 and 4, force flexure 58 includes a 
flange 70 connected to second end 62 of piezoelectric actuator 56. A recess 71 formed 
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70 and axial member 72 transmits the movement of second end 62 of piezoelectric 
actuator 56 in x direction to first joint 74, which in turn is movable in x direction. 

[043] Force flexure 58 further includes a second joint 76. Second joint 76 
moves in y direction through an opening 98 of a guide block 96 (Fig. 3). Guide block 96 
is fixedly mounted to housing 54 as shown in Fig. 15. A pair of first diagonal members 
80 are connected to first joint 74 and second joint 76 at an angle a with respect to +x 
direction. A pair of first flexures 84 connect corresponding first diagonal members 80 to 
first joint 74. Similarly, a pair of second flexures 86 connect corresponding first diagonal 
members 80 to second joint 76. First and second flexures 84 and 86 are bendable as 
first joint 74 moves in x direction. 

[044] As illustrated in Fig. 5, first joint 74 moving in +x direction pushes first 
diagonal members 80 in +x direction as piezoelectric actuator 56 expands. First 
diagonal members 80 as a whole, however, do not move in +x direction because guide 
block 96 (Fig. 1 5) limits the movement of second joint 76 in +x direction. Rather, first 
joint 74 moving in +x direction bends first flexures 84 to increase the angle a with 
respect to +x direction. As a result of this increase in the angle a with respect to +x 
direction, first diagonal members 80 push second joint 76 in +y direction and convert the 
movement of first joint 74 in +x direction by into the movement of second joint 76 in 
+y direction by yi. In addition, second flexures 86 bend to maintain the top 75 of 
second joint 76 facing +y direction. Fig. 5 shows only a single first diagonal member 80, 
a single first flexure 84, and a single second flexure 86 to facilitate the understanding of 
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flexures 84 and 86 in order to show them bending in response to the movement of first 
joint 74 in +x direction. 

[045] Similarly, as illustrated in Fig. 6, first joint 74 moving in -x direction pulls 
first diagonal members 80 in -x direction as piezoelectric actuator 56 contracts. First 
diagonal members 80 as a whole, however, do not move in -x direction because guide 
block 96 (Fig. 15) limits the movement of second joint 76 in -x direction. Rather, first 
joint 74 moving in -x direction bends first flexures 84 to decrease the angle a with 
respect to +x direction. As a result of this decrease in the angle a with respect to +x 
direction, first diagonal members 80 pull second joint 76 in -y direction and convert the 
movement of first joint 74 in -x direction by x-i into the movement of second joint 76 in -y 
direction by yi. In addition, second flexures 86 bend to maintain the top 75 of second 
joint 76 facing +y direction. Fig. 6 shows only a single first diagonal member 80, a 
single first flexure 84, and a single second flexure 86 to facilitate the understanding of 
the present invention. Also, Fig. 6 greatly exaggerates the length of first and second 
flexures 84 and 86 in order to show them bending in response to the movement of first 
joint 74 in -x direction. 

[046] In accordance with the present invention, the force flexure further 
includes a base, a second diagonal member, a third flexure, and a fourth flexure. The 
base is fixedly mounted to the housing. The second diagonal member is connected to 
the first joint and the base at a second angle with respect to the first direction. The third 
flexure connects the second diagonal member to the first joint. The fourth flexure 
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angle with respect to the first direction and thereby move the first and second joints in 
the second direction. 

[047] In the embodiment shown in Fig. 4, force flexure 58 further includes a 
base 78 and a pair of second diagonal members 82. Second diagonal members 82 are 
connected to first joint 74 and base 78 at an angle p with respect to +x direction. Base 
78 is fixedly mounted to housing 54 as shown in Fig. 3. A pair of third flexures 88 
connect corresponding second diagonal members 82 to first joint 74. Similarly, a pair of 
fourth flexures 90 connect corresponding second diagonal members 82 to base 78. 
Third and fourth flexures 88 and 90 are bendable as first joint 74 moves in x direction. 

[048] As illustrated in Fig. 7, first joint 74 moving in +x direction pushes second 
diagonal members 82 in +x direction as piezoelectric actuator 56 expands. Second 
diagonal members 82 as a whole, however, do not move in +x direction because of 
base 78, which is fixedly mounted to housing 54. Rather, first joint 74 moving in +x 
direction bends third and fourth flexures 88 and 90 to increase the angle p with respect 
to +x direction. By bending, fourth flexures 90 also accommodate the rotational 
movement of second diagonal members 82. Because base 78 is fixedly mounted to 
housing 54, second diagonal members 82 push off of base 78 and move first joint 74 in 
+y direction. First diagonal members 80 transmit this movement of first joint 74 in +y 
direction to second joint 76 and move second joint 76 in +y direction (Fig. 9). As a 
result, second diagonal members 82 in conjunction with first diagonal members 80 
convert the movement of first joint 74 in +x direction by x^ into the movement of first and 
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the understanding of the present invention. Also, Fig. 7 greatly exaggerates the length 
of third and fourth flexures 84 and 86 in order to show them bending in response to the 
movement of first joint 74 in +x direction. 

[049] Similarly, as illustrated in Fig. 8, first joint 74 moving in -x direction pulls 
second diagonal members 82 in -x direction as piezoelectric actuator 56 contracts. 
Second diagonal members 82 as a whole, however, do not move in -x direction 
because of base 78, which is fixedly mounted to housing 54. Rather, first joint 74 
moving in -x direction bends third and fourth flexures 88 and 90 to decrease the angle p 
with respect to +x direction. By bending, fourth flexures 90 also accommodate the 
rotational movement of second diagonal members 82. Because base 78 is fixedly 
mounted to housing 54, second diagonal members 82 pull and move first joint 74 in -y 
direction. First diagonal members 80 transmit this movement of first joint 74 in -y 
direction to second joint 76 and move second joint 76 in -y direction (Fig. 10). As a 
result, second diagonal members 82 in conjunction with first diagonal members 80 
convert the movement of first joint 74 in -x direction by xi into the movement of first and 
second joints 74 and 76 in -y direction by y 2 . Fig. 8 shows only a single second 
diagonal member 82, a single third flexure 88, and a single fourth flexure 86 to facilitate 
the understanding of the present invention. Also, Fig. 8 greatly exaggerates the length 
of third and fourth flexures 84 and 86 in order to show them bending in response to the 
movement of first joint 74 in -x direction. 

[050] Although described separately in Figs. 5 and 7 for ease of 
understanding, the movements of second joint 76 in +y direction by y-i and y 2 combine 
as first joint 74 moves in +x direction by Xi and in +y direction by y 2 . In other words, as 
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shown in Fig. 9, second joint 76 moves in +y direction by yi+y2 when expanding 
piezoelectric actuator 56 moves first joint 74 in +x direction by Xi. Similarly, although 
described separately in Figs. 6 and 8 for ease of understanding, the movements of 
second joint 76 in -y direction by y-i and y 2 combine as first joint 74 moves in -x direction 
by Xi and in -y direction by y 2 . In other words, as shown in Fig. 10, second joint 76 
moves in -y direction by yi+y 2 when contracting piezoelectric actuator 56 moves first 
joint 74 in -x direction by xi. 

[051] For a small change in the angle a, the ratio yi/xi (Figs. 5 and 6) can be 
approximated as cot(a). Similarly, for a small change in the angle p, the ratio y 2 /xi 
(Figs. 7 and 8) can be approximated as cot(p). Accordingly, the ratio (yi+y 2 )/xi shown 
in Figs. 9 and 10 can by approximated as cot(a)+cot(p). Therefore, many combinations 
of the angles a and p could be selected for a desired ratio of (yi+y 2 )/xi. Preferably, the 
angles a and p are equal and about 45 degrees, resulting in ratio (yi+y 2 )/xi = 
cot(45)+cot(45) = 2. 

[052] In addition, the changes in the angles a and p in response to expanding 
or contracting piezoelectric actuator 56 are less than about 1 degree, preferably about 
0.5 degrees. Furthermore, piezoelectric actuator 56 preferably expands or contracts 
less than 100 microns (xi). Therefore, second joint 76 preferably moves less than 200 
microns (yi+y 2 ). 

[053] For second joint 76 to move in -y direction as well as +y direction, force 
omcEs flexure 58 applies a preload against piezoelectric actuator 56. Without a preload, force 
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piezoelectric actuator 56, force flexure 58 is manufactured with the angles of first and 
second diagonal members 80 and 82 less than the angles a and p. Then, when 
mounted to housing 54 and connected to second end 62 of piezoelectric actuator 56, 
first and third flexures 84 and 88 are bent to the angles a and p. Preferably, the 
manufactured angles are about 44 degrees and mounted to housing 54 at about 45 
degrees. This increase in the mounted angles from the manufactured angles provides 
the necessary preload against piezoelectric actuator 56. 

[054] In accordance with the present invention, the flange of the structure has 
an axis parallel to the first direction. Also, the structure includes a fifth and sixth flexure. 
The fifth flexure connects the axial member to the first joint. The sixth flexure connects 
the axial member to the flange. The fifth and sixth flexures are bendable in response to 
the first joint moving in the second direction to maintain the axis of the flange parallel to 
the first direction. 

[055] In the embodiment shown in Fig. 4, force flexure 58 further includes a 
fifth flexure 92 and a six flexure respectively connecting axial member 72 to first joint 74 
and flange 70. Flange 70 has an axis 73, which is parallel to the x direction. As shown 
in Figs. 1 1 and 12, first joint 74 tilts axial member 72 as it moves in y direction. As it 
tilts, axial member 72 in turn tries to tilt flange 70 so that axis 73 is not parallel to x 
direction. As a result, flange 70 tries to apply a bending moment on piezoelectric 
actuator 56. Fifth and six flexures 92 and 94, however, bend to maintain axis 73 of 
flange 70 parallel to x direction as first joint 74 moves in y direction. In doing so, fifth 
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[056] Figs. 13 illustrates an alternative embodiment of a first positioning device 
while Fig. 14 illustrates an alternative embodiment of a force flexure. They are 
respectively designated by reference numbers 152 and 158. First positioning device 
152 and force flexure 158 are similar to first positioning device 52 and force flexure 58 
respectively shown in Figs. 3 and 4. Accordingly, like parts are designated by the same 
reference numbers. 

[057] Like force flexure 58 shown in Fig. 4, force flexure 158 illustrated in Fig. 
14 includes first joint 74, second joint 76, a pair of first diagonal members 80, a pair of 
first flexures 84, and a pair of second flexures 86. First diagonal members 80 are 
connected to first joint 74 and second joint 76 at an angle a with respect to +x direction. 
Unlike force flexure 58, however, force flexure 158 does not include a pair of second 
diagonal members 82, base 78, flange 70, or axial member 72. Instead, first joint 74 
includes a recess 171 to hold second end 62 of piezoelectric actuator 56. First joint 74 
also includes a pair of pins 175 extending from two opposite surfaces of first joint 74. 
These pins 175 engage corresponding grooves 155 formed in housing 54 (Fig. 13). 

[058] Grooves 155 are parallel to x direction and therefore confines the 
movement of first joint 74 in x direction. Accordingly, although recess 171 of first joint 
74 directly holds second end 62 of piezoelectric actuator 56, first joint 74 does not apply 
a bending moment on piezoelectric actuator 56. First joint 74 applies no bending 
moment on piezoelectric actuator 56 because pins 175 and grooves 155 limit its 
movement only in x direction. Unlike first joint 74 of the embodiment shown in Figs. 3 
and 4, first joint 74 of the embodiment shown in Figs. 1 3 and 14 does not move in y 
direction. 
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[059] As described earlier, Figs. 5 and 6 illustrate the movements of first joint 
74, first diagonal members 80, and second joint 76 as piezoelectric actuator 56 expands 
and contracts. Accordingly, the ratio yi/xi can be approximated as cot(a) for a small 
change in the angle a. Therefore, the angle a may vary for a different, desired ratio of 
yi/xi. For example, if the desired ratio yi/xi is about 2, the angle a is set at about 26.6 
degrees (yi/xi = cot(26.6) = 2). The changes in the angle a in response to expanding or 
contracting piezoelectric actuator 56 are less than about 1 degree, preferably about 0.5 
degrees. Furthermore, piezoelectric actuator 56 preferably expands or contracts less 
than 1 00 microns (xi ). For the angle a set at about 26.6, this range of motion by 
piezoelectric actuator 56 moves second joint 76 less than 200 microns (yi). 

[060] For second joint 76 to move in -y direction as well as +y direction, force 
flexure 158 applies a preload against piezoelectric actuator 56. Without a preload, force 
flexure 158 does not respond to contracting piezoelectric actuator 56 although it 
responds to expanding piezoelectric actuator 56. To apply a preload against 
piezoelectric actuator 56, force flexure 158 is manufactured with the angle of first 
diagonal members 80 less than the angle a. Then, when mounted to housing 54 and 
connected to second end 62 of piezoelectric actuator 56, first flexures 84 are bent to the 
angle a. For example, first diagonal member 80 can be manufactured at an angle of 
about 25.6 degrees and mounted to housing 54 at about 26.6 degrees (a). This 
increase in the mounted angle from the manufactured angle provides the necessary 
law omcE, preload against piezoelectric actuator 56. 
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earlier, guide block 96 is fixedly mounted to housing 54 (Fig. 15) and has opening 98 for 
second joint 76 to move therethrough. Guide flexure 100 is fixedly mounted to guide 
block 96 on top of opening 98. Connecting means, such as screws (not shown) or the 
like, fixedly mount guide flexure 100 to guide block 96 through screw holes 101 or the 
like. Guide flexure 100 has a hole 102 formed therein and aligned with opening 98 of 
guide block 96. A projection 77 (Figs. 4 and 14) formed on top of second joint 76 
moves through hole 102 of guide flexure 100. 

[062] Universal flexure 104 includes a first end portion 1 10, a second end 
portion 108, a mid portion 106, and a pair of flex members 112. First end portion 110 of 
universal flexure 104 connects to projection 77 formed on top of second joint 76. Any 
conventional means may be used to connect first end portion 110 and projection 77. 
For example, male and female threads (not shown) provided respectively on first end 
portion 110 and on projection 77 may be used to connect them. Similarly, second end 
portion 108 is connected to wafer table 40 (Fig. 2) by any conventional means, including 
male and female threads (not shown) provided respectively on second end portion 108 
and on a bottom surface of wafer table 40. Flex members 112 connect mid portion 1 06 
to first and second end portions 1 10 and 108. As universal flexure 104 moves in y 
direction, wafer table 40 tilts slightly. Thus, water table 40 applies a bending moment 
on universal flexure 104. Flex members 112, however, bend to absorb and prevent this 
bending moment from being transmitted to projection 77 of second joint 76. 

[063] As illustrated in Figs 2 and 16, second, third, and fourth positioning 
i inn he '.an, Hi-.NDFk.soN, devices 53, 55, and 59 share a common housing 120. Second and third positioning 
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both include a flexure strip 1 14. Flexure strip 1 14 has a flexing portion 119 formed 
between a pair of slits 116. Flexure strip 1 14 also has side portions 1 15 formed outside 
flexing portion 119. Flexing portion 119 includes a hole 118. Second end portion 108 of 
universal flexure 104 passes through hole 118 of flexing portion 119 and connects to 
wafer table 40 (Fig. 2). Flexure strip 1 14 is fixedly mounted to common housing 120. 
Connecting means, such as screws (not shown) or the like, fixedly mount flexure 
stripl 14 to common housing 120 through screw holes 117 or the like. 

[064] In addition to second end portion 108 of universal flexure 104 connected 
to wafer table 40, both flexing portion 1 19 and side portions 1 15 of flexure strip 114 
support wafer table 40 thereon. Therefore, wafer table 40 is stably supported by three 
universal flexures 104 and two flexure strips 1 14 as shown in Fig. 2. Flexing portion 
119 bends to accommodate the movement of universal flexure 104. 

[065] As shown in Fig. 2, first positioning device 52 is mounted to wafer stage 
28 on a first side surface 122 thereof. Second and third positioning devices 53 and 55, 
which share common housing 120, are mounted to a second side surface 124 of wafer 
stage 28, opposite to first side surface 122. First, second, and third positioning devices 
52, 53, and 55 are arranged such that second joint 76 of each positioning device moves 
in a single direction. In the coordinate system shown in Fig. 2, this single direction is z 
direction. 

[066] In Fig. 2, the rotational axis of wafer table 40 coincides with universal 
flexure 104 of third positioning device 55. Thus, first positioning device 52 controls the 
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76 of first positioning device 52 in z direction rotates wafer table 40 around x-axis while 
the movement of second joint 76 of second positioning device 53 in z direction rotates 
wafer table 40 around y-axis. To move wafer table in z direction, second joints 76 of 
first, second, and third positioning devices 52, 53, and 55 move simultaneously. Of 
course, any desired movement in z direction combined with any desired rotation around 
x and y-axes may be achieved by controlling the movements of second joints 76 of first, 
second, and third positioning devices 52, 53, and 55. Accordingly, first, second, and 
third positioning devices 52, 53, and 55 in conjunction with wafer stage 28, which is 
movable in x and y directions, control the position of wafer table 40 in five degrees of 
freedom (movements in x, y, and z directions and rotations around x and y-axes). 

[067] Fourth positioning device 59 shown in Figs. 2, 16, and 17 controls the 
wafer table 40's rotation around z axis. Fourth positioning device 59 shares common 
housing 120 with second and third positioning devices 53 and 55. Fourth positioning 
device 59, however, is arranged such that its second joint 76 moves, if allowed, in a 
direction perpendicular to the direction that each second joint 76 of first, second, and 
third positioning devices 52, 53, and 55 moves. In the coordinate system shown in Fig. 
2, second joint 76 of fourth positioning device 59 moves, if allowed, in y direction. As 
will be explained below, however, second side surface 124 of wafer stage 28 prevents 
second joint 76 of fourth positioning device 59 from moving in y direction. 

[068] As shown in Figs. 2, 16, and 17, wafer stage 28 includes a first bar 126 
and a second bar 128 mounted to second side surface 124 thereof. A flexure plate 130, 
extending from first bar 126 toward second bar 128, connects to common housing 120. 
Common housing 120, on the other hand, includes a third bar 132 fixedly mounted 



22 




thereto. Third bar 132 has an edge connected to second bar 128. This edge serves as 
a hinge 134 for the rotation of common housing 120 as will be explained below. 

[069] As illustrated in Fig. 17, projection 77 formed on second joint 76 of fourth 
positioning device 59 projects through common housing 120 toward second side 
surface 124 of wafer stage 28 (Fig. 2). This projection 77 of fourth positioning device 59 
abuts against second side surface 124 of wafer stage 28. Alternatively, universal 
flexure 104 shown in Fig. 3 connected to projection 77 may abut against second side 
surface 124 of wafer stage 28. 

[070] Accordingly, as piezoelectric actuator 56 of fourth positioning device 59 
expands or contracts, second joint 76 of fourth positing device 59 attempts to move in y 
direction in the coordinate system shown in Fig. 2. Second joint 76 of fourth positing 
device 58, however, does not move in y direction because projection 77 (or universal 
flexure 104) abuts against second side surface 124 of wafer stage 28. Instead, the 
amount of force exerted on second side surface 124 of wafer stage 28 by projection 77 
(or universal flexure 104) changes as the voltage applied to piezoelectric actuator 56 
changes. This change in the amount offeree exerted on second side surface 124 of 
wafer stage 28 is transmitted to base 78 (or first joint 74 if the embodiment shown in 
Fig. 13 is used). Base 78 (or first joint 74 if the embodiment shown in Fig. 13 is used) 
then moves in y direction and carries with it common housing 120. As a result, flex 
plate 130 bends from its initial position and common housing 120 as a whole rotates 
around hinge 134, which is parallel to z direction in the coordinate system shown in Fig. 

law omct^ 

i iNNHc AMjiFNi FKsoN ; 2. Universal flexures 104 of second and third positioning devices 53 and 55 transmit 

rARABCAX ; CiARRLil I ; 
& Dl'NNF-R, LLP. 

I3O0 r STREET, N. W. 
WASHINGTON, DC 20 005 
202-408 4000 



23 




this rotation of common housing 120 around hinge 134 to wafer table 40. Accordingly, 
wafer table 40 rotates around z-axis in the coordinate system shown in Fig. 2. 

[071] As described earlier, force flexure 58 and 158 of fourth positioning device 
59 applies a preload against piezoelectric actuator 56. Because of this preload applied 
to piezoelectric actuator 56, the initial position of flex plate 130 is bent away from 
second side surface 124 of wafer stage 28. This initial position of flex plate 130 allows 
common housing 120 to rotates clockwise as well as counterclockwise in response to 
expanding and contracting piezoelectric actuator 56. In other words, flex plate 130 
either bends more or bends less from its initially position as piezoelectric actuator 56 
expands or contracts. 

[072] A number of different types of exposure apparatus 20 may use one or 
more positioning devices 50 described above to control the position of wafer table 40. 
For example, exposure apparatus 20 can be used as a scanning type photolithography 
system which exposes the pattern from reticle 34 onto wafer 38 with both of them 
moving synchronously. In a scanning type lithographic device, reticle 34 is moved 
perpendicular to an optical axis of lens assembly 26 by reticle stage 24, and wafer 38 is 
moved perpendicular to an optical axis of lens assembly 26 by wafer stage 28. 
Scanning of reticle 34 and wafer 38 occurs while both of them are moving 
synchronously. 

[073] Alternately, exposure apparatus 20 can be a step-and-repeat type 
photolithography system that exposes reticle 34 while reticle 34 and wafer 38 are 
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Subsequently, between consecutive exposure steps, wafer 38 is consecutively moved 
by wafer stage 28 perpendicular to the optical axis of lens assembly 26 so that the next 
field of semiconductor wafer 38 is brought into position relative to lens assembly 26 and 
reticle 34 for exposure. Following this process, the images on reticle 34 are 
sequentially exposed onto the fields of wafer 38 so that the next field of semiconductor 
wafer 34 is brought into position relative to lens assembly 26 and reticle 34. 

[074] However, the use of exposure apparatus 20 provided herein is not 
limited to a photolithography system for a semiconductor manufacturing. Exposure 
apparatus 20, for example, can be used as an LCD photolithography system that 
exposes a liquid crystal display device pattern onto a rectangular glass plate or a 
photolithography system for manufacturing a thin film magnetic head. 

[075] Illumination source 30 can be g-line (436 nm), i-line (365 nm), KrF 
excimer laser (248 nm), ArF excimer laser (193 nm) and F 2 laser (157 nm). 
Alternatively, illumination source 30 can also use charged particle beams such as x-ray 
and electron beam. For instance, in the case where an electron beam is used, 
thermionic emission type lanthanum hexaboride (LaB 6 ) or tantalum (Ta) can be used as 
an electron gun. 

[076] Furthermore, in the case where an electron beam is used, any moving 
iron (Fe) or magnetic material can affect the magnetic field and thereby affect the target 
position of the electron beam. Thus, all the movable components of positioning device 
50, including force flexure 58 or 158, guide flexure 100, universal flexure 104, and 
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beam is used. Among other suitable nonmetallic materials, Zirconia (Zr0 2 ) or Alumina 
(Al 2 0 3 ) ceramics are preferred materials envisioned by the present invention. 

[077] With respect to lens assembly 26, when far ultra-violet rays such as the 
excimer laser is used, glass materials such as quartz and fluorite that transmit far 
ultra-violet rays is preferably used. When the F 2 type laser or x-ray is used, lens 
assembly 26 should preferably be either catadioptric or refractive (a reticle should also 
preferably be a reflective type), and when an electron beam is used, electron optics 
should preferably comprise electron lenses and deflectors. The optical path for the 
electron beams should be in a vacuum. 

[078] Also, with an exposure apparatus that employs vacuum ultra-violet 
radiation (VUV) of wavelength 200 nm or lower, use of the catadioptric type optical 
system can be considered. Examples of the catadioptric type of optical system include 
Japan Patent Application Disclosure No. 8-171054 published in the Official Gazette for 
Laid-Open Patent Applications and its counterpart U.S. Patent No, 5,668,672, as well as 
Japan Patent Application Disclosure No. 10-20195 and its counterpart U.S. Patent No. 
5,835,275. In these cases, the reflecting optical device can be a catadioptric optical 
system incorporating a beam splitter and concave mirror. Japan Patent Application 
Disclosure No. 8-334695 published in the Official Gazette for Laid-Open Patent 
Applications and its counterpart U.S. Patent No. 5,689,377 as well as Japan Patent 
Application Disclosure No. 10-3039 and its counterpart U.S. Patent Application No. 
873,606 (Application Date: 6-12-97) also use a reflecting-refracting type of optical 
finnecah, hhnderson, system incorporating a concave mirror, etc., but without a beam splitter, and can also be 
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well as the Japan patent applications published in the Official Gazette for Laid-Open 
Patent Applications are incorporated herein by reference. 

[079] Further, in an exposure apparatus, when linear motors (see U.S. Patent 
Nos. 5,623,853 or 5,528,1 18) are used in a wafer stage or a reticle stage, the linear 
motors can be either an air levitation type employing air bearings or a magnetic 
levitation type using Lorentz force or reactance force. Additionally, the stage could 
move along a guide, or it could be a guideless type stage which uses no guide. The 
disclosures in U.S. Patent Nos. 5,623,853 and 5,528,118 are incorporated herein by 
reference. 

[080] Movement of the stages as described above generates reaction forces 
which can affect performance of the exposure apparatus. Reaction forces generated by 
the wafer (substrate) stage motion can be mechanically released to the floor (ground) 
by use of a frame member as described in U.S. Patent No. 5,528,1 18 and published in 
Japanese Patent Application Disclosure No. 8-166475. Additionally, reaction forces 
generated by the reticle stage motion can be mechanically released to the floor (ground) 
by use of a frame member as described in U.S. Patent No. 5,874,820 and published in 
Japanese Patent Application Disclosure No. 8-330224. The disclosures in U.S. Patent 
Nos. 5,528,118 and 5,874,820 and Japanese Patent Application Disclosure No. 
8-330224 are incorporated herein by reference. 

[081] As described above, an exposure apparatus according to the above 
described embodiments can be built by assembling various components, including each 
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the various accuracies, prior to and following assembly, every optical component is 
adjusted to achieve its optical accuracy. Similarly, every mechanical component and 
every electrical component are adjusted to achieve their respective mechanical and 
electrical accuracies. The process of assembling each component into an exposure 
apparatus includes mechanical interfaces, electrical circuit wiring connections and air 
pressure plumbing connections between each component. Needless to say, there is 
also a process where each component is assembled prior to assembling an exposure 
apparatus from the various components. Once an exposure apparatus is assembled 
using the various components, total adjustment is performed to make sure that every 
accuracy is maintained in the complete exposure apparatus. Additionally, it is desirable 
to manufacture an exposure apparatus in a clean room where the temperature and 
purity are controlled. 

[082] Further, semiconductor devices can be fabricated using the above 
described exposure apparatus, by the process shown generally in Fig. 18. In step 301 
the device's function and performance characteristics are designed. Next, in step 302, 
a reticle having a pattern is designed according to the previous designing step, and in a 
parallel step 303, a wafer is made from a silicon material. The reticle pattern designed 
in step 302 is exposed onto the wafer in step 304 by an exposure apparatus described 
hereinabove consistent with the principles of the present invention. In step 305 the 
semiconductor device is assembled (including the dicing process, bonding process and 
packaging process), then finally the device is inspected in step 306. 

[083] Fig. 19 illustrates a detailed flowchart example of the above-mentioned 
step 304 in the case of fabricating semiconductor devices. In step 31 1 (oxidation step), 
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the wafer surface is oxidized. In step 312 (CVD step), an insulation film is formed on 
the wafer surface. In step 313 (electrode formation step), electrodes are formed on the 
wafer by vapor deposition. In step 314 (ion implantation step), ions are implanted in the 
wafer. The above mentioned steps 31 1 through 314 form the preprocessing steps for 
wafers during wafer processing, and selection is made at each step according to 
processing requirements. 

[084] At each stage of wafer processing, when the above-mentioned 
preprocessing steps have been completed, the following post-processing steps are 
implemented. During post-processing, initially, in step 315 (photoresist formation step), 
photoresist is applied to a wafer. Next, in step 316, (exposure step), the 
above-mentioned exposure device is used to transfer the circuit pattern of a reticle to a 
wafer. Then, in step 317 (developing step), the exposed wafer is developed, and in 
step 318 (etching step), parts other than residual photoresist (exposed material surface) 
are removed by etching. In step 319 (photoresist removal step), unnecessary 
photoresist remaining after etching is removed. 

[085] Multiple circuit patterns are formed by repetition of these preprocessing 
and post-processing steps. 

[086] It will be apparent to those skilled in the art that various modifications 
and variations can be made to the positioning device and exposure apparatus of the 
present invention without departing from the scope or spirit of the invention. Other 
embodiments of the invention will be apparent to those skilled in the art from 
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intended that the specification and examples be considered as exemplary only, with a 
true scope and spirit of the invention being indicated by the following claims. 
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